The article presents studies on the possibility of using a modified NIR digital camera to carry out an initial classification of sedimentary rock formations. The study has been conducted in the limestone mine "Czatkowice" in Poland. For this purpose, samples of the formations typical for that deposit have been photographed in four channels: blue (B: 380 nm -520 nm), green (G: 440 nm -620 nm), red (R: 560 nm -720 nm), and near infrared (NIR: 820 nm -1,100 nm). The recorded images of each of the samples have been compared against the spectral curves prepared on the basis of the studies carried out with a field spectrometer. This comparison has been carried out using earlier prepared sensitivity characteristics for the modified camera. However, in contrast to other NIR devices, the wide sensitivity range in the NIR channel resulted in a lack of a clear spectral peak. The hypothesis about the usefulness of a modified camera in recognition of sedimentary rocks has been verified by analysing the results of the classification of rock samples and a fragment of the quarry wall. This classification has been made using channels in the visible range and in the near infrared. The accuracy of the classification measured by the kappa index of agreement (KIA) has been increased when using the NIR channel. The study indicated that in some cases a modified camera can be a cheaper alternative to professional equipment recording near infrared channel.
Digital Camera -Application in Rock Classification and Possibilities of Camera Modification
Physico-chemical properties of rock materials related to the capacity of the minerals to absorb or reflect electromagnetic radiation are the basis of remote sensing methods used in geology. The spectral ranges primarily used in these studies include the visible (VIS), near infrared (NIR) and short-wave infrared (SWIR) ranges. But also mid infrared (MIR) and thermal infrared (TIR) spectral ranges have been utilized (Van der Meer et al. 2012) . Remote sensing in geology is based on the fact that minerals are characterized by specific absorption of the radiation due to electronic processes in the mineral lattice in the VIS and NIR and by vibrational processes in the SWIR spectral ranges. These processes include, among others, the following: crystal field effects, charge-transfer, colour centres, transitions to the conduction band, and overtone as well as combination tone vibrational transitions (Hunt 1980) . The processes in the MIR and TIR spectral ranges include, for instance, volume scattering effects, as well as emissivity and temperature interference. Therefore, a characteristic set of spectral peaks can be defined for the individual minerals in order to enable the identification of the minerals during laboratory tests using spectroscopy. There are numerous studies in this field, e.g. Hunt (1977) and edwards et al. (2005) on the spectral characteristics of carbonate minerals, on REE fluorocarbonates (Rare Earth Elements) (turner et al. 2014) , or on mudstone (Liu et al. 2016) . Rock formations consist of various minerals with characteristic spectral peaks that may superimpose (Brown 2006 ).
Introduction
The technique of classifying rocks using multispectral and hyperspectral imaging has been popular for quite some time now. It is conducted to carry out geological research, primarily on the basis of satellite or aerial images. Ground-based equipment is used much more seldom for that purpose. Recently, groundbased hyperspectral cameras have been applied much more frequently and studies are carried out on the possibility of using laser scanners for such classifications. This type of equipment is relatively expensive and difficult in operation.
Commonly used digital cameras register light in the visible range and in three channels, namely red (R: 560 nm -720 nm), green (G: 440 nm -620 nm), and blue (B: 380 nm -520 nm). Introducing a minor modification to a digital camera and using inexpensive filters make it possible to register light in the near infrared range (NIR: 820 nm -1,100 nm). Using such a modified camera as a research tool for geological applications is a very rare case. For instance, suListiyanti et al. ( ), or suListiyanti et al. (2010 investigated the possibilities of a modified camera to register thermal images. suListiyanti et al. (2014) also used it for the detection of air pollution. Moreover, it was proposed that NIR data could actually prove to be remarkably useful in colour consistency assessment, to estimate the incident illumination, as well as to detect the location of different illuminants (FredeMBacH & susstrunK 2009) . VerHoeVen (2008) quotes the possibility of using a modified camera in archaeological research.
This article analyses the suitability of a modified camera to carry out a classification of formations in the wall of the "Czatkowice" Limestone Mine. Today, the assessment of a quarry wall composition and, consequently, of the quality of excavated material, is based on laboratory-based testing of samples and on in situ analysis performed by a geologist. The use of a remote observation technique would significantly facilitate their work, if a geologist had access to a preliminary classification of formations. Employing a simple method of photographing with a modified camera could become such a technique.
Outside the laboratory, multispectral and hyperspectral imaging at satellite or aircraft levels are used for geological cartography (ciaMpaLini et al. 2012 , cHen et al. 2007 , Kruse 2015 , goetz 2009 ). Multispectral imaging often has a reduced capability to identify individual rock formations due to the limited number of recorded spectral channels and a usually lower spectral resolution (goetz 2009). However, the use of a small number of channels in combination with the methods of supervised classification makes it possible to distinguish between rock formations without specifying their exact mineral composition, as shown by KoVaceVic et al. (2009) . This can be done if the studied rocks have unique spectral characteristics in the recorded channels. For instance, for the cartography of dolomitic rocks, it is recommended to use three channels (Nos. 6, 8 and 7) in the SWIR range from the ASTER (Advanced Spaceborne Thermal Emission and Reflectance Radiometer) satellite. For carbonates, in turn, it is recommended to use channels of the TIR range (Nos. 13 and 14) or again three channels (Nos. 7, 8 and 9) recorded in the SWIR. Rocks containing iron compounds are easy to identify in images using a combination of channels Nos. 1 and 2 (VIS), 3 (NIR) and 4 (SWIR) (Van der Meer et al. 2012).
Digital cameras are devices that enable recording of three spectral channels in the VIS range and, despite their simplicity, they are also used in geological studies. MengKo et al. (2000) and pirard (2004) use digital cameras with narrow bandwidth interference filters to identify minerals in rocks, nurdan & ni-Hat (2010) apply neural networks based image analysis for the same purpose, and tarquini & FaVaLLi (2010) determine rock texture on the basis of collimated RGB images. Lepisto et al. (2005) investigated bedrock properties by analysing the digital images. cHatterjee et al. (2010) and pateL & cHateriee (2016) analysed data from a digital camera with supervised classification methods to determine the quality of the limestone used at a cement plant. The use of a digital camera is not limited to laboratory testing. For instance, penasa et al. (2014), FrancescHi et al. (2009) and toś (2014) study the suitability of scanning data including RGB channels and, additionally, intensity of laser beam reflection to classify sedimentary rocks in the working face of a quarry. Those works inspired the author to carry out investigations on the use of a modified camera recording NIR. The NIR channel could complement the scanning data obtained from the laser scanner.
The detector of a digital camera is a matrix of sensors. CMOS (Complementary Metal-Oxide-Semiconductor) or CCD (Charge Coupled Device) sensors are used most commonly. The light-sensitive area, called photodiode, collects photons during the exposure time (naKaMura 2006 , tHeuwissen 1995 . All detectors applied in both types of sensors register light in the same spectrum. Each sensor contains a system of filters arranged in the form of a checkboard. The checkboard is composed of individual filters each of which transmits light in selected wavelengths. Each of the chargecoupled devices is covered with a single filter, which means that it only registers light of a desired wavelength (naKaMura 2006) ( Fig. 1) . The Bayer filter is an example of such an arrangement ( Fig. 2a ).
Cameras are equipped with an additional NIR filter installed on the sensor ( Fig. 2a ), since the Bayer filter does not cut off radiation in the NIR region. The NIR filter factory-installed on the sensor has to be replaced with a different filter that transmits radiation in the full range of sensitivity of charge-coupled devices, in order to increase the camera's sensitivity to infrared radiation. A filter replacement is not complicated. The pro-cess is depicted in Fig. 2b . When this is done, charge-coupled devices will register radiation in the range from 280 nm to approximately 1,100 nm. The diagram ( Fig. 3 ) demonstrates the adjusted spectral response curves for a Nikon D200 camera in the range 380 nm -1,000 nm. The diagram has been prepared by LDP LLC (MaxMax 2015) and presents RGB values of the light coming from a monochromator, registered by the camera. The values have been normalised with the data generated by a spectrometer that measures the frequency and intensity of the light that falls on the sensor (MaxMax 2015) .
When analysing the diagram, one will see that the curves for the R and B values are similar in the range above 850 nm. The G values are much smaller, on the other hand. It is required to use an additional filter on the sensor or on the lens in order for the camera to reg- ister NIR radiation only. The experiment was based on the use of the IR 850H lens filter. Fig.  4 demonstrates the effect of this filter.
The combination of the characteristics demonstrated in Figs. 3 and 4, and a silicon sensitivity curve for the 1,000 nm -1,100 nm curve from darMont (2009) has made it possible to determine the approximate relative spectral sensitivity of the camera (1) ( Fig. 5) :
where: Qr λ -The relative spectral sensitivity of the camera for a given wavelength, T λ -Filter transmission (Fig. 4) , and SR λ -Spectral response ( Fig. 3) for λ < 1,000 nm and for λ > 1,000 nm (darMont 2009, Fig. 5 ).
The analysis of Fig. 5 makes it possible to conclude that the characteristics of the camera's sensitivity in the NIR region is not at optimum, because it has a wide range and lacks a strong peak.
Assumptions and Course of the Study
The studies conducted here had two objectives: (i) to verify the usefulness of a modified camera as an inexpensive research tool in geology and (ii) to determine the possibilities of using such a camera for a specific purpose, i.e., rock classification in the "Czatkowice" Limestone Mine. The studies were conducted in several stages. The first stage involved the collection of typical samples of the rocks present in the Czatkowice deposit, and their geological classification. This was followed by spectrometric observations of the samples under laboratory conditions in order to determine the spectral characteristics of the individual rock formations. The obtained spectral curves also enabled a preliminary assessment of rock separability in the channels used by the modified camera. The next stage included taking photographs of the samples under laboratory conditions and the following processing steps:
• Preparation of NIR pixel values for each sample and comparison of those values to the spectral curves. • Determination of the pair-wise separability of the rock classes in the RGB and RGB+NIR channels, which is a key requisite for a correct classification. • Supervised classification using the set of NIR, RGB and RGB+NIR data, and accuracy assessment. The comparison of the brightness of NIR image pixels for the individual samples to the spectral curves will determine, if the camera is useful as a research tool. A strong dependence between those data will indicate that the sensitivity of the camera has been correctly determined (Fig. 5 ). The calculation of the pair-wise separability of classes for samples recorded on VIS+NIR photographs will, in turn, enable to assess the suitability of the method in the conditions of the Czatkowice limestone deposit. A significant increase of the pair-wise separability of classes for the set of RGB+NIR channels in relation to the RGB set will indicate the potential of the method for classifying the rocks in Czatkowice. The next stage of the study was the classification of the supervised samples of rocks using different VIS+NIR channels and assessment of its accuracy. The final stage was the verification of the method under field conditions for a fragment of the quarry wall. All of the stages listed above are described in detail in the following chapters.
Laboratory Tests of Rock Samples
The starting point was the results of the spectrometric studies of rock samples from the Czatkowice Limestone Mine, carried out by the author. The mine is located on the west- The fibre-optic cable and lamps were set not to cast a shadow on the measured samples. ASD lamps can focus or disperse the stream of the emitted light. During the experiment, they were set to an intermediate value. The instrument was calibrated using a white standard (spectralon). During the study, the same standard was also used for verification. The instrument was set to record reflectance. No additional spectral smoothing was done. 15 measurements were made for each sample at randomly selected points on the surfaces visible in Fig. 6 . The measurement results (in the form of average values calculated based on observations) were presented in the form of spectral curves (Fig. 7) . The results of the spectrometric studies based on the analysis of the spectral curves registered for the samples indicate:
• There are no significant differences among the light reflection coefficients registered for limestones, dolomitic limestones, and silicated limestones (samples 1, 3, and 5 Calcite is a mineral formed within Visean limestone as a result of intense karstification, creating approximately 10 cm wide, coarse-grained calcite veins. The examination was carried out using the FIELD SPEC 3 in-field spectrometer. The spectral resolution of that device is 3 nm (in the 350 nm -1,400 nm range) and 10 nm (in the 1,400 nm -2,500 nm range), and it has a sampling interval of 1.4 nm to 2 nm. The field of view is 25 degrees. This enables reflectance recording in 2,151 channels in the 350 nm -2,500 nm range. The study was conducted using two ASD lamps lighting the sample from both sides in relation to the position of the fibre-optic cable used for the measurement. The distance between the lamps and the samples was approximately 40 cm, and the distance from the detector was approximately 10 cm. (1); weathered limestone (2), (7); silicated limestone (3); bituminous limestone (4), (6); dolomitic limestone (5); sandstone (8); coarse crystalline calcite (9).
rosity. The impact of moisture content on reflectance becomes particularly massive, in the area of water absorption spectra (around 1,950 nm, 1,450 nm, and 970 nm). Under good weather conditions the surface of the quarry wall in the Czatkowice Limestone Mine is dry. Therefore, photographs of nine dry samples were made in natural light, using a standard Nikon D5000 camera and a modified Nikon D200 camera with the IR 850H filter. All images were superimposed on each other, using the PI-3000 photogrammetry software. The RMS alignment error for images on twelve ground control points was 0.75 pixel. The photographs were subject to further studies.
Comparing the Brightness of Pixels Registered with the NIR Camera against the Spectral Curves of Samples
The suitability of the modified camera as a research tool can be verified, when we compare the images registered with the modified camera against the spectral characteristics of the analysed objects. In this case, it is necessary to obtain a strong correlation between those quantities.
from limestones is quite important, because they combined with soil overburden form the so-called ground-rock mass that is disposed to landfills. Comparing the obtained spectral curves to the data of similar rock formations collected in USGS or ASTER spectral libraries (cLarK et al. 2007 , BaLdridge et al. 2009 ) demonstrates that they are fairly atypical. This is caused by, among other factors, weathering of the minerals in samples 2 and 7, as well as surface oxidation of samples 1, 3, and 5. The shape of the spectral curves for the sandstone (8) and crystalline calcite (9) is, to a large extent, caused by the admixture of iron compounds (producing the characteristic coppery colour). The research has also proven that the moisture of rocks has a major impact on the reflection coefficient. This may influence the obtained classification results. The samples were soaked in water for 1 minute, pulled out and left for 3 minutes in order to remove excess water. Then, they were subject to observations. The examination method was the same as for the dry samples. The average values of the observations are indicated in Fig. 8 .
Wet rocks have lower reflectance. A large change of the spectral curves is particularly noticeable for the weathered rocks and sandstone. Those formations have fairly high po- where λ min and λ max constitute the minimum and maximum wavelength of light registered by the detector, while S λi is the light reflection coefficient of the each sample registered by the spectrometer for a given wavelength. Qr λ,j is the relative spectral sensitivity of the camera in the j-band for a given wavelength ( Figs.  1 and 5) .
The ρ i,j coefficient was calculated for all samples. Fig. 9 demonstrates the relationship between the mean pixel value of each sample and the ρ i,j coefficient for the NIR and R channels. The study suggests that there is a strong correlation between those quantities. The determination coefficients for the NIR and R channels are 0.92 and 0.85, respectively.
Suitability of the Modified Camera for Classifying Rocks at the Czatkowice Limestone Mine
The verification of the thesis that a modified camera can be used to classify rock formations at the Czatkowice Limestone Mine consisted in the comparison of the separability factor for pairs of classes against different sets of spectral bands. The obtained images made it possible to define nine classes corresponding It is difficult to find a relationship between the pixel value in an image and light reflection coefficients determined during spectrometric studies, because the charge-coupled device registers a wide range of radiation as demonstrated in Figs. 1 and 5 . The spectral resolution of the spectrometer is 1 nm. According to the Lambertian image formation model, the camera's sensor response ρ to the light reflected by an object may be calculated on the basis of the following (2):
where E(λ) is spectral power distribution (SPD) of light, which is incident upon the surface; S(λ) denotes surface reflectance, and Q s (λ) sensor sensitivities. If only one image is analysed, it can be assumed that the E(λ) function is constant for all samples. If spectrometer measurements of objects and the spectral sensitivity of the camera are known the ρ i,j coefficient calculated according to (3) is in proportion to the quantity of light reflected from the i-sample and registered by the detector in the j-band. rability factor for samples was achieved when the analysis was carried out for the full set of 4 channels. A slightly better separability in relation to the RGB channel set could also be obtained by replacing the red channel (R) or green channel (G) with the infrared channel (NIR). Furthermore, when analysing TD values for each pair of classes, one can notice that none of the analysed sets of channels could statistically separate the following pairs of samples (Tab. 1):
to each of the samples. The separability factor was determined for all pairs of classes, in the form of transformed divergence (TD), in the RGB, GB+NIR, RB+NIR, RG+NIR, and RGB+NIR band sets (Tab. 1). This coefficient gives results in the range from 0 to 2,000. Any value above 1,600 indicates good separability (ricHards 1993). The overall TD values exceeding 1,600 for each set of channels show good separability for all combinations (Tab. 1). The best sepa- 1 -3 (microcrystalline limestone -limestone ); 4 -6 (bituminous limestone -bituminous limestone); 7 -9 (weathered limestone -calcite). The low TD values for the first two pairs can be attributed to the similar composition of the samples; for the third pair, the similarity is due to the presence of iron compounds resulting in the similar spectral characteristics of both rocks in the considered bands. When the R channel is replaced with the NIR channel, the separability factor is reduced for the following pairs: 2 -9 (weathered limestonecalcite) and 3 -5 (dolomitic limestone -limestone), while the TD coefficient is increased significantly for the following pairs (Tab. 1):
Pair of samples
1 -4 (microcrystalline limestone -bituminous limestone); 1 -6 (microcrystalline limestone -bituminous limestone); 3 -4 (limestone -bituminous limestone) and 3 -6 (limestone -bituminous limestone). If all four channels are included in the analysis, the TD coefficient is increased for all pairs of classes, when compared with the RGB channel set.
Classification of Rock Samples
The analysis of TD values, spectral curves and the mineral composition of limestone samples lead to the conclusion that it is extremely difficult to distinguish between limestones and dolomitic or silicated limestones. This is due to the small admixtures of dolomite and silica and the limited diagnostic capabilities in the channels which were used for the analysis of those formations. In these circumstances, limiting the number of classes to the 5 basic types, i.e., limestones (samples 1, 3, and 5), bituminous limestones (samples 4 and 6), sandstone (sample 8), coarse crystalline calcite (sample 9), and weathered limestone (samples 2 and 7) should increase the reliability of the classification. The classification of basic rock types was carried out for three sets of channels (RGB, GB+NIR, and RGB+NIR), using the MLC technique (Maximum-Likelihood Classification, ricHards 1993). However, this method is sensitive to various light conditions. Consequently, a similar classification was done using the spectral angle mapper (SAM) method. This method is not affected by solar illumination factors (Kruse et al. 1993) . The SAM classification uses the same training polygons as in the MLC method, and the angle threshold of classification was specified as 20 deg. The results of the analyses were compared with preprepared true images. Tab. 2 presents the kappa index of agreement (KIA) that determines the accuracy of the classification (rosenFieLd & Fitzpatric-Lins 1986). Fig. 10 demonstrates a comparison between truth images and the results of the classification carried out for different methods and sets of channels.
The results of the classification greatly improved, when the NIR channel was applied. The best KIA was achieved for the set of four channels. In the MLC (Fig. 10 b, c) there is a noticeable adverse impact of sample illumination. But the SAM method produced less favourable results ( Fig. 10 d, e ). The impact of illumination was reduced (which is particularly noticeable in the case of the sandstone), but classification errors occurred particularly for samples with a non-uniform surface (weathered limestone and coarse crystalline calcite).
Verification of the Method in Field Conditions
Besides testing under laboratory conditions, some preliminary actions were taken to verify the method in field conditions. The subject commonly implemented in satellite remote sensing. For example, giLes (2001) suggested an automatic shadow detection algorithm, based on the geometric properties of the terrain. In the case of a quarry wall, it is required to carry out an additional measurement, using photogrammetry or laser scanning, in order to acquire information about its geometry. Another method to detect and remove shadows from images consists in a radiometric analysis of the properties of image fragments (dare 2005). However, because no shadow correction could be implemented at this phase of research due to the absence of the required additional information shadows or irregularly illuminated parts of wall were excluded by permitting the presence of unclassified pixels in the classification. Properly defined training polygons made it possible to count all the pixels located in the shaded areas as unclassified (Fig. 14) . Unshaded areas on an irregular quarry wall are also characterized by a certain variability of illumination. That impact can be limited of examination is a fragment of a quarry wall ( Figs. 11 and 12) with the following rock formations identified around its area: limestones, bituminous limestone, coarse crystalline calcite, which is the main component of karst formations, and additionally some shales.
The photographs were recorded on the 15th of September at 11:00 am under cloudless skies. Dry weather conditions before image acquisition ensured minimal moisture content of the rocks. The photographs were taken 15 m away from the quarry wall. A geological classification of wall fragments was performed. The places subject to classification were marked with paint so that they could later be used for the definition of the training polygons in the classification (Fig. 13) .
One of the significant differences between field and laboratory conditions is lighting. The surface of the quarry wall was highly irregular, which resulted in overshadowing a great portion of the surface, if exposed to the sun. The removal of the shadow from the images becomes possible with the use of methods . 13 : Geological classification of the quarry wall, sampling points and training fields for the classification. 1: microcrystalline limestone with wavy texture, grey-brown (creamy); 2: microcrystalline limestone, uniform, cream-coloured, with black cherts with a height of 3 cm -5 cm; 3: shale, brown with weathered light-olive layers (presence of brown clay); 4: microcrystalline limestone, pink, stromatolitic texture; 5: microcrystalline bituminous limestone, uniform texture, dark grey to black; 6: creamy microcrystalline limestone, uniform, hard, with dark grey cherts with a height of 5 cm -7 cm and a length of over a dozen cm, parallel to stratification; 7: microcrystalline limestone, grey, with a slight tint of brown, uniform texture; 8: coarse crystalline calcite, colourless, and with a weathered coppery-yellow surface.
Unlike in the laboratory conditions, both classification methods exhibited similar accuracy. One of the causes are the illumination conditions (to which the MLC is very susceptible), which were less favourable than in the laboratory. In both cases, the accuracy of classification was slightly better, when an additional NIR channel was used. However, a more in-depth analysis of results leads to the conclusion that the increased accuracy of classification was to a large extent caused by the fact that some of the incorrectly classified pixels are not classified at all after the inclusion of the NIR channel into classification.
Upon consideration of the individual rocks, it can be observed that:
• For Karst formations containing coarse crystalline calcite, the introduction of the NIR channel does not result in a relevant change of classification accuracy (Fig. 15  a) . • NIR improved the identification of bituminous limestone in the two methods ( Fig. 15 b) . • The numerical data in Tabs. 4 and 5 indicate a large error of shale classification, as confirmed by the reference images ( Fig. 16 a and b) , although a certain improvement is noticeable in the MLC after the introduction of the NIR channel.
using a method that is less susceptible to that variability, e.g. SAM. For assuring the comparability to the laboratory tests, two methods were used to classify the formations in the deposit: MLC and SAM. The same training polygons were used for both methods. Eight classes defined by the geologist were reduced to four basic types of rocks ( Fig. 12 ): Limestone (classes: 1, 2, 4, 6, 7); Shale (class 3); Bituminous limestone (class 5); Karst with coarse crystalline calcite (class 8). For MLC, in order to eliminate the highly shaded areas, 10% of unclassified pixels were allowed, and in the SAM method the maximum classification angle was specified to be 3 degrees. The classification results are presented in Fig. 14. The classification was verified based on 500 control points. Stratified random sampling was used. The strata were defined on the basis of initial classification of the quarry wall (Fig. 13 ). After this, control points, were verified geologically during a site inspection. The number of control points in the strata amounted to: Limestone -337, Bituminous limestone -80, Karst with coarse crystalline calcite -31, Shale -19, Background -36. Unfortunately some of points were located in unclassified areas (Fig. 14) . The classification accuracy and KIA were determined for the remaining (Tabs. 3 and 4). in R and NIR channels than limestone, which enables their discrimination during laboratory tests. However, the examined surfaces of the samples depicted in Fig. 6 have a fairly uniform structure. Under natural conditions, the degree of weathering or oxidation of the limestone surface is highly variale. Classification based on differences in the general albedo of the individual formations would then produce much worse results. An additional factor present under natural conditions is the fineness of the material. The pixel value recorded by the camera depends on the reflection of light from multiple small grains. This problem is referred to as spectral mixture (girouard et al. 2004) . It is particularly noticeable in the classification of shale using the SAM method (Fig. 16b ). SAM is susceptible to this phenomenon. In places, where considerable fragmentation of rocks is present, there are high local variations in the spectral property of a surface resulting from, for instance, shading effects, humidity
Discussion
The results obtained in the field investigations are of reduced accuracy in comparison to those received under laboratory conditions. In order to determine the reasons, it is necessary to begin with an in-depth analysis of the laboratory results. None of the examined rock formations exhibits diagnostic spectral features at least for the wide channels recorded by the camera. Under such conditions, rock classification is based on differences in the general albedo of the individual formations. The spectral curves in Fig. 7 indicate that the limestones present in the deposit have very similar characteristics, which prevents them from being distinguished within the sensitivity ranges of the cameras. Exceptions from this are bituminous limestones, which have low reflectance in RGB and NIR channels. Other formations in the deposit and weathered limestone demonstrate much higher reflection coefficients study concerned the use of scanning data from terrestrial laser scanner (TLS) for the classification of the same rock samples. In that paper, photographs in the RGB channels were also used, but the intensity of laser beam reflection (I ) was recorded instead of the NIR channel in modified camera. The correlation between the spectral curves and I value is lower (coefficient of determination R2 = 0.65) than that obtained in this study for the NIR channel (R2 = 0.92). The accuracy of classification using the RGB+I data from TLS operating with a wavelength of 785 nm was also inferior (KIA = 0.77) to the accuracy achieved in the presented paper (KIA = 0.83). Better values were reported by FrancescHi et al. (2009) investigating the dependence between the intensity of laser beam reflection (1,535 nm) and clay abundance in the quarry wall of the limestone mine. The coefficient of determination was 0.85. Those values indicate that the use of fluctuations and rock material displacements. These variations caused that these areas have been wrongly classified as shales.
In the investigated area Karst formations occur which develop along faults. They have the form of coarse crystalline calcite veins and dripstones. They are accompanied by a concentration of iron compounds that give them a specific colour. Dripstones are composed of cryptocrystalline or fine crystalline calcite, with colour ranging from white to yellowbrown. The dripstones are present in the vicinity of calcite veins, and they may also cover limestone. Classification using surface imaging does not enable distinguishing between the rocks present under those dripstones. This can be done only by directly examining the rocks.
The comparison of the obtained results to other similar studies should begin with the study that is most similar (toś 2014). That 
Conclusions
Charge-coupled devices in digital camera are sensitive for near infrared. It is considered a flaw in the majority of cases and manufacturers install appropriate filters, in order to counteract that. When such filters are eliminated, it is possible to register light in the entire visible spectrum, and additionally in the 780 nm -1,100 nm range. The sensitivity characteristics of the modified camera in the NIR region are not as good as of the equipment designed for that purpose alone. The primary flaw is the wide range of the RGB and NIR channels. However, the images registered with such a device can provide some valuable data. Alternatively, it is possible to apply special tools, a modified camera may produce results comparable to scanning data. On the other hand, pateL & cHateriee (2016) presented a method of limestone classification with an impressive accuracy (classification accuracy = 0.94). That method only uses photographs in the RGB channels. The authors achieved such a high accuracy owing to the use of a probabilistic neural network and, which is equally important, performance of the tests under controlled laboratory conditions using samples that were collected already after blasting works. This eliminated other interfering factors that had such a large impact on the results obtained in this study. e.g. ground-based hyper-spectral cameras, although they are far more expensive. The article targeted the possibility of classifying rock formations at the Czatkowice Limestone Mine using the modified camera.
The tests were carried out in laboratory conditions and with stable lighting, making sure that the humidity level of the samples was at its minimum. In such conditions, it was possible to obtain a strong correlation (R2 = 0.92) between the brightness of the pixels registered with the modified camera and the results of spectrometric observations of rock samples. Furthermore, it was proven that the results of classification for the rock formations present in the deposit were improved, when the R channel was replaced with the NIR channel. It is particularly advantageous to apply a full set of RGB+NIR channels, as it will result in a high level of classification accuracy (KIA 0.83).
However, the tests carried out in field conditions returned worse results. The accuracy of rock classification was KIA = 0.56, when using the RGB+NIR set of channels. Still, the final result was better, than the one obtained for the classification based on RGB channels (KIA = 0.46). It depends on a number of factors. They include, among others, changeable lighting conditions and various levels of weathering, oxidation, grain size and humidity, concerning the rock formations present in the deposit, as well as surface contamination. In the Czatkowice Limestone Mine, where the rock formations have very similar spectral characteristics, the above-mentioned factors have a decisive impact on the correctness of classification. This limits the possibilities of using that solution to mapping rock formation in the quarry wall of that mine. However, this does not prevent the modified camera from being useful in the tests of rocks with other spectral characteristics in the VIS+NIR range.
